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1. INTRODUCTION

As flight velocities increase, the study of projectile heat transfer is of growing interest to
the Army.

Of considerable concern in ballistic heat transfer is projectile surface temperature. Tem-
perature is used, for example, as a design tool, for determination of appropsiate projectile
materials and shapes. While there are a significant number of numerical codes which predict
projectile surface temperatures for a variety of conditions, relatively little experimental data
has been produced for the purpose of verifying these numerical predictions [1]. Lowe [2] has
published data from an experiment conducted in 1951, in which the surface temperatures
of 30-caliber projectiles were measured by comparing the infrared radiation emitted by the
bullets with the radiation from a hot background of known and variable temperature. The
data from this experiment are very limited. In addition, Lowe’s method requires repeated
shots at the same flight conditions to determine surface temperature.

The current work has been done as a preliminary study to planned work which will result
in the experimental determination of projectile surface temperatures through the measure-
ment of projectile infrared emissions.

The infrared power emitted from an aerodynamically heated projectile, and thus the
detector’s current output recorded, is largely dependent upon the projectile’s temperature
[3]. However, because of the natural physical limitations associated with electronic noise,
infrared detectors cannot detect an infinitely small signal. If the planned experiment is to be
meaningful, the projectile surface temperature must be high enough such that the incident
infrared radiation i< significant enough to be measured by the given detectors.

It is the purpose of this study to determine whether or not the expected infrared radiation
will be significant enough to be measureable, given the detector specifications. This will be
done by modeling both detector response and projectile emissions.

2. ANALYSIS

The study will proceed as follows. First, we will use infrared detection theory to determine
the minimum amount of radiant power in Watts which will be measureable, the detector
threshold, given the specificaticns of one of the indium-antimonide detectors to be used.
Next, we will calculate the amount of infrared radiant power leaving the projectile surface
as a result of its temperature. The analysis will then calculate that fraction of the total
radiation emitted which actually reaches the detectors and falls within special wavelength
sensitivity bands set by filters.

Several assumptions are made. First, we will assume that at any given instant, all the
projectile surface area which falls within the field of view of the detectors (described below)
is at a constant temperature. If this assumption is not made, the future experimental study
will be useless, since the detectors will only measure some type of average of perhaps several
different temperatures which exist on different parts of the surface. In order to make this
assumption accurate, the field of view of the detectors is set such that only a very smali




amount of projectile surface area is visible. Next, zero angle of attack is assuuned. Lastly,
we assume that the projectile is the only source of radiation which reaches thic detectors,

2.1 Detector Threshold Power A group of three commercially available indium-

antimonide infrared detectors will be placed in a specially designed housing which exposes
part of the detector surface to external radiation, but which shields this surface from back-
ground radiation and noise. The detectors are sensitive to wavelengths in the infrared region.
An approximate view of this experimental apparatus is shown in Figure 1. The width of the
aperture shown at the top of the detector housing can be adju-‘ed, thus allowing control of
both the amount and direction of incoming radiation. The "field of view™ can Le defined as
the space above the detector housing that is visible to the detectors. This field of view is
shown (from an axial direction) as the shaded region in Figures 2 and 3. As shown in Figure
2, the projectile penetrates this field of view, thus exposing approximately 180 degrees of the
projectile’s cylindrical surface over the width of the field of view (shown in Figure 3). The
width of the field of view is dependent upon both the width of the aperture and the height of
the projectile above the detectors, as shown in Figure 3. The infrared radiant power that is
emitted from the projectile and is incident on the detectors will be electronically converted
to a current, then recorded and output.

The author-defined term, detector threshold, will be determined trom expressions of fig-
ures of merit commonly used to compare the performance of one detector to auother. A
basic figure of merit is current responsivity, R;, defined as the ratio of current output (i,
Amperes) to radiant power (¢., Watts):

i
$e(A)

where ) indicates the wavelength of the incident radiation {4]. The detectors have been tested
by the manufacturer, who has supplied both peak responsivity and spectral responsivity
(relative to peak responsivity). A plot of the spectral responsivity for the detector under
analysis is shown in Figure 4.

Ri(A) =

Electronic rms noise, (iyms, Amps/\/ITz-), is inherently associated with the detector cir-
cuit. Note that the units associated with this definition of noise show a frequency dependence.
The reason for this is that the noise will be inversely proportional to the square root of the
frequency bandwidth of the output device’s filter {5,6]. The above definition of rms noise
implicitly assumes that the device connected to the detector circuit output (e.g., a spectrum
analyzer) utilizes a filter which rejects all frequencies except those in a 1 Hz bandwidth. The
effect of a larger bandwidth is to allow more noise into the circuit. Hence, if the measurement
device to be used employs a filter with a bandwidth larger than 1 Hz, then we must account
for this by multiplying the rms noise in Amps by the square root of this bandwidtli in Hz to
obtain the total actual noise [5]. For example, a measurement device which has a filter with
a 10 kHz bandwidth, will increase the noise by a factor of 100.

The noise equivalent power (NEP) of a detector is defined as the incident power which
will produce a signal output equal to the rms noise output [4,7]. Since the current signal

output 1s
1y = Ride




the signal-to-noise ratio can be expressed as

/A = o

lrms

The incident radiant power, ¢., becomes the NEP when the signal-to-noise ratio 1s 1. Thus,

:
NEpP =2 ]
R (1)

where, as above, the units of rms noise are (Amps/V H ) and the units of responsivity are
Amps/Watt.

Equation 1 then, represents the minimum radiant power (in Watts} which is detectable.
the detector threshold, for the given circuit. However, the NEP will vary. since the detector’s
responsivity varies with the wavelength of incident radiation (Figure 4). For simplicity, we
will average the responsivity over the range of wavelengths of interest for the detectors. As
stated earlier, a filter will be placed on each detector, limiting its response to only radiation
within a small wavelength band. This is in part due to the fact that infrared radiation does
not transmit through the atmosphere without significant attenuation at some wavelengths
[1,8]. Hence the filters will be used such that all wavelengths which are accepted by each
filter will be transmitted with little or no attenuation to the detector. The bandwidths of
these filters will each be approximately 0.54, but each filter will be centered at a different
infrared wavelength. In the analysis, the responsivity used in Equation 1 will be the average
over a particular wavelength band of interest. Noise on the other hand, will be constant with
wavelength [5].

2.2 Projectile Radiant Power In this section, we calculate the amount of radiant
power emitted by the heated projectile. Next, that fraction of radiant power which leaves
the projectile and reaches the detectors, will be determined.

In the planned experiment, an aerodynamically heated projectiie will Iy above the special
infrared detector housing. In doing so, part of the projectile will bc within the field of view
of the detectors as shown schematically in Figures 2 and 3.

For now, we will consider a single detector at a single instant in time and consider that
some part of the projectile cylinder is within the detector’s field of view. We are only
interested in the infrared radiation emitted from the portion of the projectile which is within
the detector’s field of view at the given instant.

We will assume that both the projectile surface and the detector behave as blackbodies.
that is, both surfaces absorb all incident radiation and are also perfect radiators. Planck’s
Law describes the spectral distribution of radiation from such a surface as {7]

C; 1

Wi = A el AT _ |

where,
W, =spectral radiant emittance, Wem=2y"!
A=wavelength, u




T=absolute temperature, °K
c;=first radiation constant=3.7415 x 10*Wem™2u?
c;=second radiation constant=1.43879 x 10°uK

A plot of this spectral distribution is shown in Figure 5. Notice from this plot that
the total radiant emittance (proportional to the area under the curves) increases rapidly
with temperature. Also, the curves never cross one another, hence, a higher temperature
will always give higher spectral emittance. If we integrate this spectral distribution over all
wavelengths, we obtain

/ T Wid) = Woeo = oT*
1]

where o is a constant.

The given detectors are sensitive to a small band of wavelengths set by detectors. These
bands, for the calculation of the preceding section, are 2.0u — 2.5u and 3.5u — 4.04, since
these bands are transmitted through the atmosphere with little or no attenuation. Hence
we will be interested in the amount of energy radiated only from the part of the projectile
surface within the field of view and only within these wavelength bands. The radiant energy
emitted between any two wavelengths A; and A; can be obtained by [3]:

Az
WM-/\: =_/)‘1 W'\d’\ (3)

We have obtained an expression (Equation 3) for the radiant emittance per square cen-
timeter in the wavelength band of detector sensitivity. We now need an expression for the
power (Watts) which leaves the surface area of interest and arrives at the detector. If we
multiply Equation 3 by the surface area of the source of the energy (surface area of the pro-
jectile that is within the detector’s field of view) then we obtain the total amount of power
leaving this surface per unit time (in Watts). However, since this energy is emitted in all
directions, only a small fraction of it will be incident on the detector. Thus. it is appropriate
to represent the amount of radiant emittance leaving this portion of the projectile’s surface
ard arriving at the detector by [3]:

WA;-/\QAprojFproj-—det (4)

where,
Aproj=area of projectile within detector field of view
Fproj—aer=fraction of energy leaving A,,,; which reaches detector

In Equation 4 above, Fp,,j-qe 1s directly related to the geometric orientation between
the projectile surface and the detector surface. This orientation is shown in Figure 6 for
a cylindrical section of the projectile. More specifically, F.o;_ge is related to the angles
formed between a line connecting the two surfaces and the normal to each surface. These
angles are shown in Figure 6 as ¢, and ¢,. From the figure, we notice that ¢, and o, change
continuously as we move around the cylindrical surface of the projectile, ience. we must
integrate differential areas, dA,,;. A detailed derivation [3] shows that:

dApro)d-4dct

rre

AprojFproj—dct = / / COS ¢ COS P2 (5)
Ades JA

pro;




where r is the distance between the differential element and the detector. Then. on combining
Equations 3, 4 and 5, we get:

A dApro,d Ag.
W'\x—MAP"OjFP"oj-det = ('/4\1 WAd/\) /A Zprog@ et

a2
rre

/ COS ¢} COS ¢ (6)
A

det proy

The detectors to be used are square. However, in the planned experimental setup, most
of the detector surface area will be covered so as to limit the detector’s field of view width.
Thus the detector’s ezposed area will be approximately rectangular in shape, with a width
of 0.0508 centimeters, and a length approximately equal to the detector diagonal, L (see
Figure 7). Since the area of the projectile is much greater than that of the exposed part of
the detector, we will consider the exposed detector area to be differential in size. This means
that we can eliminate the integral over Aq4.,. Then, Equation 6 becomes.

g dApro )
Wi, =33 Aproj Fproj—des = (0.0508L) ( /A l’wAdA) / cos 6 cos ¢ 2222 )

Apro’ s

An expression for the surface area, dA,,,;, will depend on which particular portion of the
projectile is within the detector’s field of view at the given instant. An infinite number of
possibilities exist, however these can be divided into three broad categories. The area of the
projectile within the detector’s field of view can be part of the projectile’s

® nosecone section
e cylindrical body section

e finned tail section

The reason for the above categorization will become evident below.

If a portion of the cylindrical body section of the projectile is above the detector, then
the surface area which is visible to the detector is approximately the lower semi-cyvlindrical
surface over a length equal to the field of view width at the projectile (see Figure 6). The
field of view width at the projectile is approximately

width = 2Ahtan 8

where h is the height of the projectile above the detector and 8 is th> aperture half angle
(Figure 3). The width of each differential element (from Figure 6) is Rdf, where R is the
projectile radius. Hence,

dA,r.; = 2hRtan Bd0
From this, Equation 7 becomes
_2hRdO

wre

A ”
Wi, =2; Aproj Foroj-der = (0.0508L) ([\ ’ de)\) ./(; cos ¢, cos ¢ tan (8)
1

where, from geometric analysis,

Rc050+y}

— -1y o I
¢1 = tan [h " Rsind
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In the equations for ¢, and ¢, y is the distance between the center of the detector and the
line of flight at the detector level (Figure 6).

$7 = tan™! [—-——————R cosf+ y}

If a portion of the conical nosecone of the projectile is above the detector, then the surface
area which is visible to the detector is approximately the lower semi-conical surface over a
length equal to the field of view width at the projectile (see Figure 8). This complicates
the analysis slightly since several geometric variables are no longer constant over the width
of the field of view. That is, ¢1, ¢2, r and R all become functions of z (Figure 8). The
effect of this is seen in forming an expression for dA,..; as follows. First, let us add the
non-orthogonal coordinate w to the standard zyz coordinate system in such a way that w
is parallel to the projectile surface along the nosecone. This is shown in Figure 8. We have,

dApro; = RdO dw (9)

Hence we see that we will need to integrate differential areas first along the nosecone (in w),
and then circumferentially (in §). Next,

R=ztana (10)

where a is the nosecone angle. Finally,

dz

Cosa

(1n)

dw =

Now, combining Equations 9, 10 and 11, we get,

tan o

dAproj = dzr df (12)

cos &
Also, the angle formed between the line connecting the two surfaces (detector and projectile)
and the normal to the projectile surface has now changed. It has now become the combination
of ¢, and «, as shown in Figure 8. Given all this, we obtain the equivalent to Equation §
for a section of the nosecone as:

A Tz
W, -3 Apro; Foroj—det = (0.0508L) tan o ( [ ’ WAd,\) / / " cos ¢, cos dy = dr 0 (13)
1 0 z3 nr

For simplicity, we assume that the field of view width is the same as that used in the analysis
of the cylindrical section above. This assumption leads to the value of the second integration
limit in z, once the initial point, z;, is chosen on the nosecone. Equation 13 then becomes,

P n [1‘1 +2htan g R
W, - 33 Apros Fproj—det = (0.0508L) tan a A wid) [ cos &1 cos 6y — dx dO
1 0 Jn, "
(14)

In Equations 13 and 14 above, ¢, and ¢, are defined exactly as before.

If a portion of the projectile’s tail section is above the detector, although the detector
will be receiving infrared radiation, prediction of surface temperature is impossible. This is
because of the assumption made earlier that at any given instant, all the projectile surface




ﬁ

area which falls within the field of view of the detectors is at a constant temperature. In the
case of a finned tail section, the fin leading edges will be at a temperature which is vastly
different from that of the fin roots, for example. When the tail section is within the field of
view of the detectors, the detectors will likely see many different portions and combinations
of the fins and projectile cylinder, with each portion being at a different temperature. Hence,
the planned experiment will not attempt to measure the surface temperature in this region.
It is noted however that the possibility exists for infrared surface temperature measurement
in the case of a conical flared afterbody.

3. RESULTS

The measurement equipment to be used in the planned experimental work has a maxi-
mum noise frequency bandwidth of approximately I MHz [1]. Hence, the noise associated
with each detector’s circuit will be multiplied by 1000. Also, as recommended by the manu-
facturer, an additional "safety factor” of 10 will be used, thus making the noise multiplication
factor 10,000. This important step will insure a conservative estimate of the minimum de-
tectable power.

As stated previously, filters will be placed on each detector such that all wavelengths
which are accepted by each filter will be transmitted with little or no atmospheric attenuation
to the detector. Data indicate [8] that infrared radiation is transmitted with nearly zero
distortion in the wavelength bands 2.0u4-2.5¢ and 3.5u4-4.0u. Hence, these wavelength bands
will be considered for use in each detector’s filter.

Calculation of the detector threshold is performed in Table 1 for a single representative
detector, since the other detectors to be used have not yet been purchased. The calculation
is performed using the detector test data as supplied by the manufacturer and listed in Table
2.

Now that we have calculated the minimum amount of infrared radiated power which the
detector will accept, we must calculate how much power will actually leave the projectile’s
surface (within the detector field of view) and reach the detector. This is done using Equation
8 for a cylindrical portion of the projectile, and using Equation 14 for a section of the
projectile’s conical nose. The projectile used for the current calculations is the M735 kinetic
energy, fin-stabilized, 105mm round. At present, this round is one of several likely candidates
for use in the future experimental work [1].

Equations 8 and 14 are solved using a code written by the author. The first calculation
is the amount of infrared radiation within the wavelength band set by the detector’s filter
which leaves the portion of the projectile that is within the detector field of view:

Az
WidA
A
This quantity is obtained numerically by direct calculation of Equation 2 between the above
intervals using several different sizes of wavelength increments to obtain a final answer of
accuracy O(h®), where h is the size of the smallest increment used [10]. This mecthod of
numerical integration, called Romberg integration, is an improvement of the trapezoidal

7




rule.

Next, the quantities @, B and L are known, and values for 2 and 3 are assumed. These
quantities are shown in Table 3. Using this information, the code described above calcu-
lates ¢y, ¢2, and r for any given 6. The integrations are performed again using Romberg
integration.

The algorithm used in the code is as follows. A projectile surface temperature is assumed
for a given slice of projectile within the detector’s field of view. Using this temperature, the
code calculates the amount of radiant power incident upon the detector, as described above.
This amount of radiant power (in Watts) is compared to the detector threshold. If it is less
than the detector threshold, then the detector will not be able to see that particular section
of projectile at that particular temperature. Consequently, the temperature is increased
by a small increment and the process is repeated. The temperature is increased until the
power received at the detector is greater than the detector threshold. This temperature is
the minimum temperature of the particular section of projectile being analyzed, in order for
the detector to see it.

Since the nose will be hotter than the cylinder, it may seem that the area of greatest
concern relative to achieving the detector threshold would be the projectile cylinder. In
fact, the opposite is true for the following reason. While it is true that a section of a
higher temperature will emit more total infrared energy than an equivalent section at a
lower temperature, what matters is the energy emitted per unit area. As we approach the
nose tip the energy per unit area increases (since temperature increases), but surface area
approaches zero. The net effect of this trade-off is that the total energyv approaches zero.

This is shown in Figure 9. This figure shows Detector Threshold Temperature (minimum
temperature for detection) as a function of length down the nosecone for both wavelength
bands of interest. First, note that the effect of less and less surface area (approaching the
nosetip) is to require a higher temperature for detection. Obviously, a detector which accepts
wavelengths in the band 3.5u-4.0u requires a much lower temperature than a detector which
is sensitive to the band 2.0u-2.5u. This is for two reasons. First, referring to Figure 3, we see
that in the higher band of wavelengths, the spectral radiant emittance is greater. Secondly,
referring to Figure 1, we note that the responsivity of the detector is greater in the higher
wavelength band.

In order to achieve meaningful results, this study also pursued the computational pre-
diction of the anticipated experimental conditions. In the planned experiment, the special
detector housing will be placed approximately 225 meters downrange of the muzzle. Hence
we desire a computational prediction of the nosecone surface temperature of the M735 pro-
jectile at a range of 225 meters when launched at normal service velocity (M=1.36). The
computational approach performed by Guidos [10] first utilizes a parabolized Navier-Stokes
technique to compute surface heat transfer rates, and then computes the in flight thermal
response using a finite-volume heat conduction technique. Results from this computation
are shown in Figures 10 and 11 together with the results of the above calculations of detector
threshold on the nose. Figure 10 shows the predicted surface temperature versus projectile
length for fully laminar flow, while Figure 11 shows the same quantity for fully turbulent
flow.




4. CONCLUSIONS

In this study, we have calculated the detector threshold for a given infrared detector
and compared it to the calculated amount of radiation which reaches the detector from an
M735 projectile nosecone. From this comparison the detector threshold temperature has
been determined for these conditions. Finally, the detector threshold temperature has been
compared to the surface temperatures which aie computationally predicted 225 meters from
the gun, for a launch velocity of M=4.36.

From Figure 9, we note that a filter with a wavelength band of 3.54-4.0u is preferred
over that of 2.0u-2.54, since a much lower detector threshold temperature results.

Furthermore, from Figures 10 and 11, we note that the detector threshold temperatures
required by the wavelength band 2.0u4-2.54 will most likely never be realized even for fully
turbulent flow. By similar comparison in the wavelength band 3.5u-4.0y, detector threshold
temperature will probably only be reached if the flow is fully turbulent. Even in this case,
the threshold may not be reached very close to the nose tip. In this wavelength band then,
detector threshold temperature should be realized approximately 1-2 cm downstream of the
nose tip, and thereafter, assuming turbulent flow.

Results of the Guidos temperature computations shown in Figures 10 and 11 are encour-
aging. These results predict that the highest temperature in the nose region will occur at
the nose tip, and that the temperature here will be significantly higher than that on the
cylindrical section of the projectile. Thus it is predicted that two hot regions will exist on
the projectile (the nose and the tail). This is desireable for the proper operation of the
infrared instrumentation.

Two recommendations are evident which will increase the possibility of success in the
planned experiment. First, use a measurement device with a smaller noise frequency band-
width. This will allow less noise to enter the circuit, and thereby increase the sensitivity of
the detector (that is, the detector threshold would decrease). Secondly, utilize a boundary
layer trip device as close to the projectile nose tip as possible to insure turbulent flow. Rea-
sons for this are evident from the previous discussion, and are discussed in Reference 10 by

Guidos.
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Table 1. Calculation of

Detector Threshold Power

Wavelength Sensitivity Band |

20p —2.5u | 3.5p — L0y

J

Average Responsivity, A/W

Noise, W/VH:z
Average NEP, W

Safety Factor

1.75 2.65
17x1072 17x10714
9.71x10-1? 6.42x10°12

Equipment Noise Bandwidth, Hz | 1.0x10° 1.0x10°

10 10

i

| Detector Threshold Power, W

[ 9.71x10°% |  6.42x107°

Table 2. Detector Pertinent Data

Manufacturer EG and G Judson

Model J10D-M920-S05M-60

Type Photovoltaic Indium-Animonide
Size 5 mm square

Peak Responsivity 3.892 A/W

Noise 172102 A/ VH:

Table 3. Assumed constants

Nosecone Angle, a, deg 8.0
Projectile Radius, R, cmn 1.77
Detector Diagonal, L, cmn 0.71
Height of Projectile Above Detector, h. cm | 100.0
Distance Off Center, y, cm 20.0
Field of View Half Angle, g, deg 0.236
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